superoxide dismutases, SodCI and SodCII, but only SodCI contributes to virulence. Although 23 we have shown that this is primarily due to differences in the two proteins, evidence suggests 24 differential regulation of the two genes. Using transcriptional sodCI-and sodCII-lac fusions, we 25
show that sodCII is under the control of the RpoS sigma factor, as was known for the E. coli 26 ortholog, sodC. In contrast, we show that sodCI is transcriptionally controlled by the PhoPQ 27 two-component regulatory system, which regulates an array of virulence genes required for 28 macrophage survival. Introduction of a phoP null mutation into the sodCI fusion strain resulted 29 in a decrease in transcription and loss of regulation. The sodCI-lac fusion showed high level 30 expression in a background containing a phoQ constitutive allele. The sodCI gene is induced 15 31 fold in bacteria recovered from either tissue culture macrophages or spleens of infected mice. 32
INTRODUCTION
Pathogenicity Island 2 (SPI2) type three secretion system (4); and slyA, which controls a large 84 stress response regulon (38, 39, 41) . 85 In this study we show that sodCI and sodCII are differentially regulated. The sodCI gene 86 is regulated by the PhoPQ two-component regulatory system in vitro and in vivo. In contrast, 87
sodCII is under the control of RpoS. Both systems are induced in bacteria recovered from tissue 88 culture macrophages or the spleens of infected mice, with sodCI expressed at a higher level 89 compared to sodCII. 90
MATERIALS AND METHODS 91
Bacterial strains and growth conditions. All Salmonella strains used in this study are 92 isogenic derivatives of Salmonella enterica serovar Typhimurium 14028 (American Type 93
Culture Collection) and were constructed using P22 HT105/1 int-201 (P22)-mediated 94 transduction (30). Luria-Bertani (LB) medium and modified N-minimal medium (18) were used 95 for growth of bacteria. Bacterial strains were grown at 37 o C except for the strains containing 96 temperature sensitive plasmids pCP20, pKD46 and pINT-ts (CRIM) (6, 20) which were grown at 97 30 o C. Antibiotics were used at the following concentrations: 100 µg/ml ampicillin (Ap); 20 98 µg/ml chloramphenicol (Cm); 12.5 µg/ml gentamycin; 50 µg/ml kanamycin (Km); 25 µg/ml 99 opsonized in 50% mouse serum for 20 min at 37 o C. Bacteria were then diluted in RPMI medium 133 and used to infect macrophages at a Multiplicity of Infection (MOI) of 20. After a 40 min 134 incubation period, the wells were washed twice with PBS and then RPMI medium containing 135 12.5 µg/mL gentamycin to kill extracellular bacteria was added to the wells. After 20 min of 136 additional incubation, the wells were washed once with PBS. RPMI medium supplemented with 137 12.5 µg/mL gentamycin was added to the wells, and this was designated time zero. After 16 hrs, 138 the wells were washed twice with PBS and macrophages were lysed with 1% Triton X-100. The 139 released bacteria were washed with PBS and dilutions of each sample were plated on LB agar to 140 determine the number of bacteria.
β-galactosidase activity was assayed using the 141 chemiluminescent substrate Lumigal 530 according to manufacturer's instructions (Lumigen 142
Inc.). The β-galactosidase activity of each sample was calculated per CFU (Colony Forming 143 Unit) of bacteria in a sample. The in vitro β-galactosidase activity of bacteria grown in RPMI 144 media (16 hrs of growth) was measured using the same assay. 145 β β β β-galactosidase assays in bacteria recovered from infected mouse splenic tissue. 146 BALB/c mice were infected intraperitoneally with 10 4 cells of the sodCI
fusion strain. After 4 days of infection, mice were sacrificed and the spleens were homogenized 148 to release the bacteria. Bacterial cells were extracted from splenic tissue as described previously 149 (42). Τhe isolated bacteria were resuspended in PBS and dilutions of each sample were plated on 150 LB agar to determine the number of viable bacteria in a sample. β-galactosidase activity was 151 assayed using the chemiluminescent substrate Lumigal 530 according to manufacturer's 152 corresponding to the sequence immediately upstream of sodCI coding region was amplified by 161 PCR using Platinum Pfx DNA polymerase (Invitrogen Inc.). The resulting PCR product was 162 used to generate a sequence ladder with the same primer that was used for the extension reaction. 163
A C C E P T E D
The extension product was resolved on an 8% polyacrylamide-7 M urea gel alongside the 164 sequence ladders. The Sequenase 2.0 kit used for the sequencing reactions, polyacrylamide gel 165 mix, and GTG running buffer were purchased from the USB Corporation. 166
Deletion analysis of the sodCI promoter. The sodCI promoter was analyzed by 167 amplifying and cloning portions of the promoter region 5' to a promoterless lacZ gene in pDX1, 168
RESULTS

175
The sodCI and sodCII genes are transcriptionally induced in stationary phase.
expressed at a higher level than sodCII in vivo, although our results (27) indicated that sodCII is 179 expressed during infection. Both enzymes are produced in laboratory culture (27, 45) and 180 induced in the stationary phase of growth (10, 27). We used single-copy chromosomal 181 transcriptional lac fusions to sodCI and sodCII to study the expression of both genes in vitro and 182 in vivo. We constructed our fusions by inserting promoterless lacZY genes (8) just downstream 183 of the sodCI or sodCII stop codons. In the case of sodCI, this insertion is associated with a 184 deletion of all Gifsy-2 phage genes downstream of sodCI through attL, including int, the 185 immunity region and the genes encoding the putative replication proteins. This ensured that 186 phage induction did not artifactually increase lac activity. Thus, both fusion constructs produced 187 SodCI or SodCII equivalently to wild type (data not shown). Moreover, the strain containing the 188 sodCI + -lac + fusion and associated deletion of the Gifsy-2 phage genes was fully virulent (data 189 not shown), which is consistent with our previous data showing that the phage genes are not 190 required for virulence and that SodCI is produced from the lysogenic phage (22) . 191
To analyze expression, we first determined the β-galactosidase activity produced from 192 the sodCI-lac and sodCII-lac fusion strains in different stages of growth in LB medium. suggested that sodCI is expressed at a higher level than sodCII (9, 27, 45). In order to study the 217 in vivo expression of both genes, the strains bearing sodCI + -and sodCII + -transcriptional lac 218 fusions were used to infect RAW 264.7 macrophages. The β-galactosidase activity of bacteria 219 isolated from macrophages was compared to that of bacteria grown in laboratory culture. As 220 seen in Figure 4A , expression of sodCI was 10-fold induced in macrophages while sodCII 221 expression was induced 4 fold. To study the expression levels of both genes during infection, 222 BALB/c mice were infected with sodCI + -or sodCII + -fusion strains and bacteria were isolated 223 from the spleen after 4 days of infection. The β-galactosidase activity of the bacteria isolated 224 from mice and those grown in laboratory media are shown in Figure 4B . Strikingly similar to 225 our macrophage expression data, sodCI was induced 15 fold in BALB/c mice compared to the 226 laboratory culture, while sodCII was induced 3.5 fold. This correlation between the tissue 227 culture macrophage and mouse data is consistent with the concept that the majority of bacteria 228 are found within macrophages in the host (29). These data also suggest that our macrophage 229 experiments are relevant to study the in vivo regulation of sodCI and sodCII. 230
PhoPQ regulates sodCI in vivo. To test if PhoPQ is responsible for sodCI induction in 231
vivo, RAW 264.7 macrophages were infected with strains harboring the sodCI-or sodCII-232 transcriptional fusions in wt, phoP or phoQ24 backgrounds. As above, expression of sodCI was 233 induced 15 fold in macrophages ( Figure 5A ). This induction was completely dependent on 234 PhoP; introduction of the phoP null mutation abolished sodCI expression in macrophages. 235
Expression of sodCI was elevated 3 fold in tissue culture medium in the phoQ24 background 236 compared to the wild type and expression was induced an additional 22 fold in the macrophages. 237 This is likely due to the effect of lowering pH on the activation of the PhoQ24 protein; a similar 238 effect was seen in vitro when comparing growth media at pH 7.4 versus pH 5.6 (data not shown). 239
The sodCII fusion was induced 2-3 fold in macrophages and this induction was not affected in 240 the presence of the phoP null or phoQ24 mutations ( Figure 5A ). These experiments are 241 potentially complicated by the reduced viability of the phoP and phoQ mutants in macrophages 242 (12, 35, 36). Indeed, we recover approximately 3-10 fold less phoP or phoQ24 mutant compared 243
A C C E P T E D
on September 13, 2017 by guest http://jb.asm.org/ Downloaded from to wild type cells after 16 hours of incubation. However, the fact that the specific activity of the 244 sodCII fusion was unaffected in the pho mutants shows that any survival defect was irrelevant to 245 these measurements. These results show that PhoPQ regulates sodCI expression in vivo, but 246 does not affect sodCII expression, which correlates well with our in vitro data. 247
In vitro, sodCII is primarily under the control of RpoS. We therefore tested the effect of 248 an rpoS null mutation on sodCII and sodCI expression in macrophages. As above, sodCII was 249 induced almost 4 fold in bacteria recovered from macrophages compared to those propagated in 250 tissue culture medium ( Figure 5B ). Loss of RpoS abrogated sodCII induction. In contrast, 251 sodCI expression was unaffected. Although not significant in this experiment, there might be 252 residual RpoS-independent induction of sodCII, which again would be consistent with our in 253 vitro data. 254
PhoPQ regulation of sodCI is apparently direct. PhoPQ is known to activate a number 255 of regulatory systems: PmrAB, SlyA, SsrAB, and RstAB (4, 26, 37-39, 41, 52). It is possible 256 that sodCI is not directly regulated by PhoP, but rather indirectly via one of these systems. In 257 order to test this hypothesis, we inactivated these systems in both the wild type and phoQ24 258 backgrounds and assayed the resulting β-galactosidase activity from the sodCI-lac fusion. 
apparently binds to a site that is strikingly similar to that recognized by PhoP. Alternatively, 300
PhoP binding to the non-consensus sodCI site is weak and is only realized under the in vivo 301 induced conditions. Indeed, induction of sodCI in vivo is far greater than what is achievable in 302 vitro under any condition that we tested (Figures 4 and 5) . At the moment, we favor the latter 303 interpretation. 304 305 DISCUSSION 306 induced in the Salmonella containing vacuole of the macrophage, ideally expressed to combat 313 phagocytic superoxide known to be important in controlling Salmonella infection (7, 32, 46-48). 314
The PhoPQ regulon includes a large number of genes whose products contribute to macrophage 315 survival by conferring, for example, resistance to antimicrobial peptides and low pH (16, 55). 316
PhoP also contributes to activation of the SPI-2 type three secretion system required for 317 establishment of the so-called Salmonella containing vacuole (SCV) in which the bacteria 318 replicate (4). We now add resistance to phagocytic superoxide to the PhoP repertoire of 319 intracellular survival functions, further emphasizing the central importance of this regulon. 320
In vitro, the PhoPQ system is induced in media with a low concentration of divalent 321 cations including Mg and Ca (16) and the regulon includes Mg transporters apparently required 322 to adapt to the low Mg environment. However, recent data suggest that Mg may not be the 323 dominant signal that activates the system in the macrophage. Rather, low pH seems critical (31). 324 Also, it has been shown that PhoQ can respond to sub-lethal concentrations of antimicrobial 325 peptides, a signal that is also likely to be important in vivo (1, 2). The PhoPQ regulon, partially 326 via the PmrAB system, is responsible for resistance to these peptide antibiotics. Our data are 327 consistent with these observations. In N-minimal medium, even at pH 5.6, lowering the Mg 328 concentration induced sodCI only 2-3 fold. In contrast, the gene was induced approximately 15 329 fold in macrophages and in the animal. Induction was even more dramatic in the strain 330 producing the PhoQ24 protein, which does not respond to Mg at pH 5.6 (Figure 2) . 331
All of the known PhoP regulon members involved in virulence were apparently acquired 332 by horizontal gene transfer (16, 55). SodCI is expressed from the lysogenic Gifsy-2 phage. The 333 phage encodes a number of potential virulence factors including SseI, which is under the 334 transcriptional control of SsrAB (50) macrophages and those grown in RPMI were determined using the chemiluminescent assay. 588
Expression of sodCI in a wt background in macrophages is considered 100%. 589 
